The noninvasive Doppler assessment of regurgitant volume from jet size is limited by the fundamental inequality of jet volume and regurgitant volume and by the dependence of jet dimensions on driving pressure and instrument settings for a given flow volume. Therefore, this study addresses the hypothesis that an equation could be derived from basic physical principles to quantify regurgitant volume with velocities that can be directly measured by Doppler echocardiography. The principle of conservation of momentum for free turbulent jets resembling many cardiac lesions yields an equation for regurgitant volume as a function of maximum jet velocity, a distal centerline velocity, and the intervening distance. This theory was tested throughout a range of physiologic flow rates and pressures (orifice velocities) in steady flow for 0.008-0.40 cm2 circular orifices and a noncircular orifice and in physiologic pulsatile flow for 0.08 and 0.20 cm2 circular orifices. Plots of centerline velocities versus axial distance coincided with those expected for such jets. Calculated and actual volumetric flows agreed well by linear regression in the turbulent jet: for steady flow rates,y=0.98x+0.09 (r=0.99, SEE=0.14 1/min), with similar correlations for circular and noncircular orifices; for pulsatile flow, y = 1.02x+0.03 for peak flow rate (r=0.98, SEE= 0.18 I/min) and y=1.02x+0.58 for total regurgitant volume (r=0.95, SEE=0.81 ml). There was no significant effect of orifice size or location of velocity measurement within the turbulent jet. Therefore, for free jets resembling many clinical lesions, regurgitant flow rate and volume can be calculated noninvasively from Doppler velocities without planimetry of jet area. Because the required information is intrinsic to the jet, this method should apply regardless of associated valvular lesions. It should also apply to orifices of variable shape because turbulent eddies obliterate the details of flow at the orifice. The special case of jets impinging on walls must be considered separately for both this technique and flow mapping. (Circulation 1989;79:1343-1353 T he severity of valvular regurgitation can be most directly measured by its volume. The clinical need for an objective assessment of this volume has created interest in noninvasive
The noninvasive Doppler assessment of regurgitant volume from jet size is limited by the fundamental inequality of jet volume and regurgitant volume and by the dependence of jet dimensions on driving pressure and instrument settings for a given flow volume. Therefore, this study addresses the hypothesis that an equation could be derived from basic physical principles to quantify regurgitant volume with velocities that can be directly measured by Doppler echocardiography. The principle of conservation of momentum for free turbulent jets resembling many cardiac lesions yields an equation for regurgitant volume as a function of maximum jet velocity, a distal centerline velocity, and the intervening distance. This theory was tested throughout a range of physiologic flow rates and pressures (orifice velocities) in steady flow for 0.008-0.40 cm2 circular orifices and a noncircular orifice and in physiologic pulsatile flow for 0.08 and 0.20 cm2 circular orifices. Plots of centerline velocities versus axial distance coincided with those expected for such jets. Calculated and actual volumetric flows agreed well by linear regression in the turbulent jet: for steady flow rates,y=0.98x+0.09 (r=0.99, SEE=0.14 1/min), with similar correlations for circular and noncircular orifices; for pulsatile flow, y = 1.02x+0.03 for peak flow rate (r=0.98, SEE= 0.18 I/min) and y=1.02x+0.58 for total regurgitant volume (r=0.95, SEE=0.81 ml). There was no significant effect of orifice size or location of velocity measurement within the turbulent jet. Therefore, for free jets resembling many clinical lesions, regurgitant flow rate and volume can be calculated noninvasively from Doppler velocities without planimetry of jet area. Because the required information is intrinsic to the jet, this method should apply regardless of associated valvular lesions. It should also apply to orifices of variable shape because turbulent eddies obliterate the details of flow at the orifice. The special case of jets impinging on walls must be considered separately for both this technique and flow mapping. (Circulation 1989; 79:1343 -1353 T he severity of valvular regurgitation can be most directly measured by its volume. The clinical need for an objective assessment of this volume has created interest in noninvasive measures to supplant the angiographic grade, based on receiving chamber opacification.' Routine Doppler studies, however, provide only a semiquantitative grade of jet length with rough2-6 but not uniform7-9 correlation with the equally semiquantitative angiographic grade. Recently, attempts have been made to extrapolate from jet areas or jet volumes derived from Doppler flow maps to the actual regurgitant volumes. In some settings, the two appear to be correlated,8 but they are fundamentally unequal because the jet also includes fluid entrained by the jet.10"11 Entrainment volume and jet size depend heavily on driving pressure for a given regurgitant volume,12-14 whereas visualized jet extent also depends on instrument settings that may vary among patients.61- '16 In contrast to these limitations, the basic principles of turbulent jet flow can potentially provide an Turbulent shear stresses caused by the interaction of moving and stagnantfluid generate eddies that propagate from the borders of the jet inward, thereby diminishing the laminar core and entrainingfluid. Equations describing a fully developed turbulent jet apply 5-8 orifice diameters or more beyond the origin.10 The control volume indicated by the dashed lines permits the equations for conservation of axial momentum to be formulated. The momentum of the jet at the orifice must equal that at any distance x along the axis in the absence of imposed pressure gradients. Therefore, as jet mass increases, its velocity mustfall. ) . Such an equation could then be applied to free turbulent jets resembling many regurgitant lesions. 17, 18 Therefore, the purpose of this study is to validate such an equation in vitro and address the hypothesis that the volumetric flow rate through a lesion can, in fact, be predicted from the jet flow field (spatial distribution of velocities) observed by Doppler echocardiography. (Because orifice size and flow rate can be measured directly in most engineering applications,10 such studies have not aimed to calculate orifice flow from jet characteristics.) Free turbulent jets can expand without the constraints of solid boundaries and can become progressively turbulent as they interact with surrounding fluid (Figure 1 ). Although there are pressure gradients within free jets, they create no external pressure gradients in the receiving chamber; therefore, it can be shown that momentum is conserved for such jets.10"19-21 In other words, in the absence of externally supplied energy or imposed gradients, flow cannot be accelerated beyond its momentum at the orifice. Therefore, as the jet moves outward and entrains more fluid mass, its velocity must decrease. This principle provides the key to deriving regur-gitant flow from velocities within the jet as derived rigorously elsewhere. 19 Specifically, the rate of transfer of momentum into the jet at the orifice equals the rate of transfer of momentum out of the face of the jet at any distance along the jet axis ( Figure 1 ). This leads to the following equation for Q, the regurgitant flow rate, in terms of u, the component of jet velocity along the jet axis: fAU2dA Q= uo (1) where the numerator reflects the rate of momentum transfer across the face of the jet (area A) and uo is maximum jet velocity near its origin (please see Appendix). Thus orifice flow rate is the rate of transfer of momentum across the face of the jet (the integral of velocity squared across that area) divided by maximum jet velocity (where fluid density has canceled out of the equated momentum transfer rates at the orifice and beyond it). It is assumed that uo is effectively uniform across the orifice, which is well established for this type of orifice. 22 Regurgitant flow can therefore be calculated by integrating velocity2 across the jet by pulsed Doppler and dividing by peak velocity from continuous wave Doppler. However, this process can be streamlined because of another property of these jets: 
Curves of dynamic similarity of the nondimensional (normalized) profiles of axial velocity across the face of a free turbulent jet. Curves at various axial levels coincide when velocity is expressed as a fraction of the centerline velocity umn at that level and when radial distance r from the center of the jet is divided by b, the half-width of the jet, that is, the radius at which u=um/2. dynamic similarity ( Figure 2 ).10,20,21,23 As the jet expands, similar processes occur along its length, so the velocity distributions across the face of the jet maintain a similar shape. They coincide if velocity is normalized to the centerline velocity ur, and radial distance is normalized to the half-width of the velocity profile at any axial distance x. Therefore, the integral across the curve in Equation 1 depends only on ur and the half-width of the curve. Because the half-width increases linearly with distance x, 10,23 the integral is proportional to urn2x2.10,21,23 The proportionality constant has been determined empirically,21 giving 26.46 U0 (2) with u in meters per second, x in centimeters, and Q in liters per minute. In other words, orifice flow rate is proportional to the square of a downstream centerline velocity multiplied by the distance from where the time-velocity integral of u. can be measured by continuous wave Doppler. Basically, because this time-velocity integral equals the time during which regurgitation occurs multiplied by the mean orifice velocity, Equation 3 relates total regurgitant volume per beat to peak orifice flow rate multiplied by the regurgitant time period and a factor that corrects for the temporal variation in orifice velocity-namely, the ratio of mean to peak orifice velocity. (Underlying assumptions will be reviewed in the "Discussion.") The purpose of our experiments was to test these equations both in steady and pulsatile flow models throughout a range of physiologic flow rates and velocities.
Methods

Steady Flow, Circular Orifices
Free jets were created by pumping fluid at steady rates through four circular orifices, 0.08, 0.20, 0.32, and 0.40 cm2 in area, with a rotameter pump calibrated by volumetric collection. Flow rates of 0.9-4.7 1/min were used, giving peak velocities of 1.4-4.6 m/sec (corresponding, by Bernoulli's equation,24A25 to pressure gradients of 8-85 mm Hg, suitable for many left-and right-sided lesions). To model mild regurgitation through small lesions, a pinhole orifice 1 mm in diameter (area=0.008 cm2) was also used with a flow of 0.3 1/min. Flow was pumped in a cylindrical Lucite model ( Figure 3A ) through the orifice into a receiving chamber 6.3 cm in diameter and 8 cm in length to study jets of various lengths. Symmetric, conical free jet shape was confirmed both by optical flow visualization with 1-2% Amberlite particles (Rohm and Haas, Philadelphia, Pennsylvania) to reflect laser light,26 and by Doppler flow mapping with a Toshiba SH65A system. Normal saline was used because the flow field is effectively independent of viscosity in the turbulent domain studied,10,20'27 where turbulence was verified by Doppler velocity fluctuations. (For experimental confirmation with aqueous glycerine, see below.) Acoustic reflectors were provided by 1-2% cornstarch particles.
For each flow rate, u. was measured by continuous wave Doppler using a Vingmed SD-100 system with a 2-MHz probe facing into the jet. Centerline velocity (ur) was measured by pulsed Doppler (high pulse repetition frequency when necessary) at three downstream locations, generally 36, 50, and 55 mm 54 E_ l.. from the orifice (1 mm nominal sample volume axial size). These locations were chosen to lie in the fully developed turbulent jet, roughly 5 orifice diameters or more beyond the origin, where the above derivation should apply10'20'2' and to provide velocities without Doppler range ambiguity. In the short jets from the pinhole, orifice velocities were measured at 15-31 mm. Because the velocity at any point in a turbulent jet fluctuates about an average value,10'20 each velocity was determined by averaging 10 measurements. Flow rate was then calculated from Equation 2.
Steady Flow, Noncircular Orifice
Although the literature indicates Equation 2 should hold true regardless of orifice shape (see "Discussion"),10'28 a noncircular orifice was also tested. It was shaped like a (+) sign 0.23 cm2 in area; flow rates of 2.9-4.7 1/min were used, giving peak velocities of 2.5-4.2 m/sec (corresponding gradients of 25-71 mm Hg). Equation 2 was also tested for a glycerine-water solution (40% :60% by volume) adjusted to physiologic density and viscosity (3.5 cP) at 22°C.
Pulsatile Flow
Free jets were created by pulsatile flow through circular orifices 0.08 and 0.20 cm2 in area in the flow model described above. The pulsatile flow apparatus ( Figure 3B ) duplicates ventricular flow and pressure waveforms25 and has been described in detail elsewhere. 29, 30 The physiologic pulse that drives fluid through the regurgitant orifice is produced by a flow section that also pumps in an antegrade fashion and consists of a ventricular pumping bulb, an outflow valve, and capacitance and resistance sections. A dedicated microprocessor triggers the ventricular pump; the outflow valve is a nonstenotic pericardial valve with a flow area of 3.0 cm2; the pressure waveform control section is rubber compliance tubing adjusted by pumping air into a surrounding Lucite chamber; and the resistance is an adjustable constriction. Antegrade and regurgitant flows enter an atrial reservoir from which the ventricular bulb fills as it relaxes.
The pulse duplicator was operated under the following physiologic conditions: heart rate of 70 beats/min, systolic time interval of 250-427 msec (average, 301 msec). Peak regurgitant flow rates of 1.2-4.5 1/min were used with peak jet velocities of 1.3-6.5 m/sec (gradients of 7-169 mm Hg). Regurgitant flow was monitored by a Carolina Medical Model EP680 cannulating-type electromagnetic flow probe and a calibrated Model 501 flowmeter. Analog signals were fed through an analog-to-digital converter to an Apple II Plus computer for on-line data collection and analysis. 30 For each orifice and flow rate, the aim was to calculate peak flow rate from Equation 2, with the peak values of orifice velocity u0 and distal centerline velocity ur; and to calculate total regurgitant volume from Equation 3, with the peak flow rate and the time-velocity integral of uo ( Figure 4) . These values were to be compared with electromagnetic flow data. Peak centerline velocities were determined at 5-10 downstream sites to describe more completely the behavior of velocity as a function of axial distance and the region of applicability of . Turbulent velocity fluctuations are evident above a curve similar to that of onfice velocity. Of note is a technical difference between the EMF and Doppler tracings. At the end of ventricular contraction, only the Doppler curves show a "tail" ofpositive velocity, with simultaneous negative velocities. This reflects persistent jet momentum even when bulk flow has reversed to fill the ventricle. Because the EMF signal can represent only the algebraic sum of these flows, it has no positive "tail" and can therefore be expected to underestimate slightly total regurgitant volumes compared with those derived from the Doppler time-velocity integral. Such bidirectional flow can also be seen clinically, for example, with persistence of the inflow jet from a stenotic mitral valve when mitral regurgitation has already begun. onto a clear plastic overlay, with attention to parallax and by planimetering this trace with a Hipad digital tracer; the average of three beats was used. Region ofapplicability ofEquation 2. The behavior of centerline velocity urn as a function of distance into the jet was studied both in pulsatile flow (circular orifices) and in steady flow (noncircular orifice) to show the region of applicability of the derived equations, which hold true for the fully developed turbulent jet (Figure 1) . The region where Equation 2 applied was shown by plotting the ratio of calculated to actual peak flow rate versus axial distance. The correspondence of this region with the fully developed turbulent jet was shown by plotting peak u0/peak urn as a function of axial distance (Figure 1, bottom panel) . In the laminar core, these two velocities are ideally equal, giving a horizontal plot; in the fully developed turbulent jet, Rajaratnam21 has shown that uo/urn=x/6.3 D, where Do is the orifice diameter, giving an upwardsloping straight-line plot, connected to the initial horizontal line by a curved transitional segment.
Pulsatile flow. In the fully developed turbulent jet determined above (x235 mm), calculated and actual flow rates and volumes were compared by linear regression. The ratio of total to peak flow velocity (fuodt/peak uJ) used in Equation 3 to obtain total regurgitant volume was also compared with the ratio of total to peak electromagnetic flow by linear regression.
Variability Related to Turbulent Fluctuations Equation 2 can be differentiated to provide an expression for AQ/Q, the fractional change in cal-culated peak flow rate Q caused by deviations in its component velocities: AQ/Q = 4(AUm/Um)2+ (AuJu0) (5) To estimate the effect of turbulent velocity fluctuations and measurement error on the precision to which peak flow rate can be determined, Au0 and Aum were calculated as the standard deviation of the 10 velocity measurements made for each urn and uo value in the pulsatile series; AQ/Q was then estimated on the basis of these values.
Observer Variability
Two independent observers repeated 10 velocity estimates in the pulsatile series, in which greatest variability would be expected (fluctuations on a pulsatile baseline). The measurements of the two observers were subtracted, and the standard deviation of the differences was calculated to express interobserver variability. Similarly, one observer repeated the measurements to determine intraobserver variability. Variability was also obtained for the time-velocity integral of orifice velocity u0 (five repeated sets of measurements).
Results
Steady Flow
Predicted and actual flow rates agreed well for both circular and noncircular orifices (r=0.99; Figure 5, Table 1 ); slopes and intercepts of regression lines were not significantly different from 1.0 and 0, respectively (p>0.05). Multiple linear regression showed that this correlation was not significantly affected by orifice size (p>0.90) or location of downstream velocity measurement (p>0.12) for the circular orifices. For the noncircular orifice, the site of velocity measurement (p>0.55) or the fluid used (aqueous glycerine vs. saline,p>0.90) had no significant effect. The results for aqueous glycerine coincided well with the regression line for saline ( Figure  5 , lower panel), and adding them to the saline data did not change the regression line or correlation coefficient, as expected for the turbulent domain studied (Reynolds numbers of 10,000-27,000).
Jet Velocity as a Function ofAxial Distance; Region ofApplicability of Equation 2
In both pulsatile flow (circular orifices) and steady flow (noncircular orifice), the behavior of centerline velocity as a function of distance agreed with that described for free jets (Figures 6,1 ). Peak centerline velocity remained relatively constant near the ori- fice (laminar core) and then decayed entrainment and momentum conservat As shown in Figure 7 (lower panels calculated to actual flow rate centered (i.e., Equation 2 could be applied), in axial distancex235 mm beyond the oril The upper panels show the correspond region with the fully developed turbule uo/urn increased linearly with distance ( These plots were horizontal near the or core) and then curved upward (transil join a line fitted to values atx.35. The line was higher for the smaller circ which is consistent with the reciprocc slope to orifice diameter. For the circ inserting these slopes into Equation effective hydrodynamic orifice areas 0.75-0.77 multiplied by the anatomic are reasonable values for the coefficic contraction relating effective and anat( For the noncircular orifice, the effecti dicted on the basis of circular geome multiplied by the anatomic area, reflecting the different geometry. Although the laminar core, indicated by the region in which values of uJum lie along the line of unity, was shorter for the smaller circular orifice than for the larger orifices (Figure 7, upper panels) , the region x>35 mm was used for simplicity because it ensured fully developed turbulence for all jets studied.
Pulsatile Flow 0
In the fully developed turbulent jet, calculated 0°o peak flow rates agreed well with actual values from ., .
the electromagnetic flow probe (y = 1.02x+0.03, r=0.98, SEE=0.18 l/min,p<0.00001, Figure 8 ; slope and intercept were not significantly different from 60 70 1.0 and O,p>O.O5). Multiple linear regression showed no significant effect of orifice size or the site of velocity measurement (p>0.2).
Total regurgitant volumes also agreed well with electromagnetic flow values (y= 1.02x+0.58, r=0.95, SEE=0.81 ml, p<0.00001, Figure 8 ; slope and intercept were not significantly different from 1.0 and 0). The variability in predicted volume reflected t the combined variability in peak flow rate and in the other factor in Equation 3, the ratio of the timevelocity integral to the peak value of orifice velocity. This ratio was therefore plotted against the corresponding ratio from the flow probe data, total regurgitant volume/peak flow rate (Figure 8 ), giv-60 70 ing y=1.15x-0.02 (r=0.96, SEE=0.014 second, p<0.00001; slope and intercept were not signifi-(nornalized to cantly different from 1.0 and 0). resulting variability in peak flow rate based on turrigin (laminar bulent velocity fluctuations and the variability of tion zone) to individual (unaveraged) measurements was 8.4+ 3.0%. slope of this Sular orifice, Observer Vaiability al relation of The intraobserver variability for peak velocity meaular orifices, surements in pulsatile flow was 0.07 1/m/sec (2.5%), 4 predicted with an interobservervariability of 0.08 1/m/sec (3.1%). gitant volumes are fundamentally unequal because jets entrain large amounts of adjacent fluid.10"'1 For a given regurgitant volume, jet size on Doppler flow maps also depends on hemodynamic conditions12-14,50 and instrument settings.15"6 The dependence of jet length on driving pressure, for example, may explain long jets occurring without commensurate changes in cardiac function. In recent studies, neither jet length nor area per se could uniquely predict angiographic grade, orifice size, or regurgitant fraction. 8, 9, 12 A truly quantitative assessment of regurgitant volume is therefore required. This study shows that an equation derived from basic principles of turbulent jets correctly predicts volume flow rate from velocities directly measurable by Doppler at two points in the jet. The equation is valid for both steady and pulsatile flow at physiologic gradients and flow rates and for a range of circular orifices as well as a noncircular orifice. In pulsatile flow, peak flow rate can be combined with the time integral of orifice velocity to provide total regurgitant volume. This equation expresses the conservation of momentum for free turbulent jets,'0"19-21 and its validation confirms the observed dependence of jet size on factors other than regurgitant volume. By Equation 2, jet velocities are determined by the orifice momentum: mass transfer Q multiplied by velocity u0, which depends on driving pressure.24'25 Jet length is judged by the distance over which flow exceeds a display threshold and therefore also increase with both Q and u0. For example, the same regurgitant volume passing through a smaller hole produces a longer jet, which is wider distally,10 and therefore of greater area.
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Potential Application
In principle, this method can be applied to any free turbulent jet shown by flow mapping. Because it uses information intrinsic to the jet, it should be unaffected by superimposed stenosis. Measurements in the distal jet would ensure fully developed turbulence and would permit the use of standard pulsed Doppler. Closer to the origin in larger jets (at x235 mm), high pulse repetition frequency can also be used,25,31'32 but with attention to factors affecting its signal-to-noise ratio. 33 The variability in calculated flow rates from turbulent fluctuations, approximately 8.4%, can be reduced by averaging several cycles (possibly by automated digital processing34), and is minimized by using centerline velocity rather than the full integral in Equation 1.
Comparison With Other Techniques Routine angiographic grades are semiquantitative and vary with catheter position, premature beats, and receiving chamber size. [35] [36] [37] Angiographic and radionuclide regurgitant fractions38,39 involve ionizing radiation and cannot distinguish aortic from mitral regurgitation or, for the stroke volume ratio, significant rightand left-sided lesions. On Doppler flow maps, proximal jet width may overestimate orifice size and may vary with plane position and driving pressure.12 Calculating regurgitant flow by subtracting forward flow across two valves requires nonstenotic valves, only one of which is regurgitant.37,40 Calculating mitral regurgitation from stroke volume and aortic flow requires a biplane Simpson's rule technique and the absence of aortic stenosis or prosthesis. 41 In contrast, the proposed method would be noninvasive, quantitative, and unaffected by stenosis or other regurgitant lesions.
Assumptions and Limitations
Basic assumptions are the presence of 1) a free turbulent jet in an incompressible Newtonian fluid (blood at physiologic shear rates),10"19-21 2) a circular orifice, and 3) an effectively uniform velocity across the orifice. The first assumption limits this method to jets or regions of jets not impinging on adjacent walls or flows; other cases require further investigation (see below). The second assumption is not limiting because measurements are made in the fully developed jet where eddies "obliterate the details of the nozzle core flow."'10 Peak velocities are comparable for circular and square orifices,28 and Equation 2 held true for a noncircular orifice in this study. The third assumption holds extremely well for clinically relevant valvular orifices. 24, 25, 27 Equation 3 assumes orifice area equals area at peak regurgitant flow, which is of unknown clinical validity. Yellin et a142 have shown a variable systolic decrease in mitral regurgitant orifice area in a model with relatively large areas up to 0.53 cm2. Such variation is likely less for more rigid rheumatic or calcific orifices or for those 0.1-0.2 cm2 or less, which change relatively little with varying hemodynamic levels.43'44 Also, orifice area decreased progressively during systole in that model,42 so that any errors from before and after the time of peak flow would at least partially cancel; and most mitral regurgitation occurs in early systole near the time of peak flow,45 while the greatest decrease in area occurs subsequently when flow is less and would therefore affect Equation 3 less. The estimate of peak flow rate is not subject to these concerns, which also affect any jet-mapping technique because jet area also varies phasically with driving pressure.
This study was designed as an initial test for the simplest case of a free jet before complicating factors are examined. Conservation of momentum should apply regardless of chamber wall irregularities or the three-dimensional nature of the jet, so long as the portion of the jet studied is free and the Doppler beam is aligned with the jet axis (which may require angle correction of velocities for aortic regurgitation). The effects of chamber size and compliance can in part be modeled as changes in the pressure gradient across the lesion, which will be reflected in the measured orifice velocity by Bernoulli's equation. 24, 25 However, there are other factors that potentially limit applicability and require further investigation. Finite chamber size and compliance set an upper limit on jet size, whereas jet impingement on distal walls can cause retrograde swirling currents that can affect the transition from laminar to turbulent flow and can alter jet dimensions.46'47 It must be determined at what point impinging jets decelerate faster than predicted by Equation 2 and intersect retrograde flows. In preliminary studies of jets with orifice velocities up to 4.7 m/sec and chambers as small as 4.8 cm, Equation 2 held to within 0.5 cm of the wall, with distal velocities up to 1 m/sec. Swirling flow, having lost momentum to the wall, is more likely to affect the low-velocity jet periphery than the centerline where velocities are measured. Practically, flow mapping may be able to show regions of the jet away from the wall that should be relatively unaffected by swirling10; jet deceleration can be detected as deviations from the distal linear portion of the uJum versus x plot (Figures 1,7) , a process that could be facilitated by automated digital analysis. 47 Another factor that could pose limitations and that requires further study is momentum exchange with intersecting structures or flows, such as swirling created by similarly or oppositely directed currents. 46 The results of Morgan et a148 suggest that at least the centerline penetration length of highvelocity jets will not be significantly altered by relatively low-velocity counterflows, such as venous atrial inflow. Nonfree jets adhering to walls may require altered expressions of dynamic similarity2' or alternative approaches.49 Nevertheless, so long as the jet or portion of the jet studied is free, the equations presented should remain valid.
Summary
An equation has therefore been derived and validated in vitro that provides for the first time a quantitative measure of regurgitant flow from information intrinsic to the jet for free turbulent jets similar to those in many cardiac lesions. With in vivo validation, this method could permit noninvasive correlation of symptoms and clinical course with severity of regurgitation and determination of a quantitative range for regurgitation across structurally normal valves. Conservation of Momentum for a Free Jet Because of the nature of the free jet shown in Figure 1 , the rate of transfer of axial momentum into the control volume shown must equal the rate of transfer of momentum out of the control volume. Now, the rate of momentum transfer = the rate of mass transfer x flow velocity = density x the rate of volume transfer x flow velocity _ pQu. Assuming an effectively flat velocity profile across the orifice (u=uo), the rate of momentum transfer into the jet=pQu,. Integrating pQu across the distal edge of the control volume, momentum is transferred across the face of the jet that has area A at a rate of fAp(udA)u=pfAu2dA.
U2dA
Therefore, pQuo=pfAu2dA and 0JAu uo
